Abstract. In the absence of 50-m class space-based observatories, subarcsecond astronomy spanning the full far-infrared wavelength range will require space-based long-baseline interferometry. The long baselines of up to tens of meters are necessary to achieve subarcsecond resolution demanded by science goals. Also, practical observing times command a field of view toward an arcminute (1′) or so, not achievable with a single on-axis coherent detector. This paper is concerned with an application of an end-to-end instrument simulator PyFIInS, developed as part of the FISICA project under funding from the European Commission's seventh Framework Programme for Research and Technological Development (FP7). Predicted results of wide field of view spatiospectral interferometry through simulations of a long-baseline, double-Fourier, far-infrared interferometer concept are presented and analyzed. It is shown how such an interferometer, illuminated by a multimode detector can recover a large field of view at subarcsecond angular resolution, resulting in similar image quality as that achieved by illuminating the system with an array of coherent detectors. Through careful analysis, the importance of accounting for the correct number of higher-order optical modes is demonstrated, as well as accounting for both orthogonal polarizations. Given that it is very difficult to manufacture waveguide and feed structures at sub-mm wavelengths, the larger multimode design is recommended over the array of smaller single mode detectors. A brief note is provided in the conclusion of this paper addressing a more elegant solution to modeling far-infrared interferometers, which holds promise for improving the computational efficiency of the simulations presented here.
Introduction

Far-Infrared Space Interferometer Critical Assessment
With the cutting edge of space-based, far-infrared astronomy at somewhat of a halt, with the ESA Herschel Space Observatory 1, 2 having finished its mission, and the NASA Spitzer Space Telescope 3 now operating in its warm phase, we must now consider the next big leap in far-infrared astronomical observations. Although both Herschel and Spitzer operated successful missions with high spectral resolution, they were both limited in spatial resolution due to the fundamental diffraction limit of their 3.5 and 0.85 m primary mirrors, respectively. Clearly then, high spatial resolution (subarcsec) should be our next step in observing at these science-rich, but relatively long wavelengths. FISICA, a three-year project that aimed to identify the scientific questions that can be answered with high spatial resolution far-infrared observations and translate these questions into a technological definition of a far-infrared space-based mission 4, 5 came to an end in December 2015. Funding for the FISICA study was under the European Commissions' FP7 programme. 6 The call for FP7 was open for 7 years, for projects beginning in the years 2007 until 2013. The two main strategic objectives of FP7 were to strengthen the scientific and technological base of European industry and to encourage its international competitiveness, while promoting research that supports EU policies.
FISICA built upon previous far-infrared interferometer (FIRI) studies carried out in Europe, such as the ESA FIRI technology reference study. 7 Important work has also been going on in the United States over recent years, including the Space Infrared Interferometric Telescope study 8 (a candidate NASA Origins Probe mission) and the Balloon Experimental Twin Telescope for Infrared Interferometry (BETTII), 9 first launched in June 2017. The broad scope of the FISICA project in technologically defining a full mission, including a baseline optical design, required the collaboration of international researchers from a broad range of backgrounds, including leaders in the fields of far-infrared astronomy, cosmology, far-infrared instrumentation, optics, optical materials manufacture, and satellite positioning, among others.
FISICA Baseline Optical Design
In a previous paper, 10 a range of optical layouts were investigated toward identifying an optimal solution for the science requirements of the FISICA study. Table 1 summarizes those  science requirements,  4,11 and Table 2 details the parameters of the optimized optical layout.
10 Figure 1 shows a physical optics model of the system defined in Table 2 .
The FISICA science case called for a wavelength range of λ ¼ 25 to 200 μm, likely split into the three bands shown in Table 1 . An extended wavelength range of up to λ ¼ 400 μm was also desirable for science but was deemed unfeasible due to the high level of diffraction, resulting in exceedingly large beams after propagation over the large baselines. Sensitivity requirements called for primary mirror diameters of 2 m. Figure 2 shows the response of a single primary mirror beam on the sky when illuminated by a single coherent detector horn, and Fig. 3 shows the fringe pattern on the sky for two primary mirror sky beams for an interferometer at different baselines and wavelengths. Clearly, a single aperture lacks the subarcsecond resolution defined by the FISICA science case. Furthermore, the beam for a single coherent detector is clearly too small to capture the full 1′ squared field of view (FoV).
General Approach to FISICA Wide-FoV Interferometric Simulations
With a baseline design selected, and primary-mirror beams accurately modeled to show that the design can indeed satisfy the requirements of the FISICA science case while also minimizing mass, 10 this paper is dedicated to simulating the system's performance as a wide FoV interferometer. A system-level block diagram is shown in Fig. 4 . The previously modeled band 3 primary-mirror beams, 10 containing amplitude, phase, and polarization information, are combined with a double-Fourier interferometer instrument simulator. The simulated beams, having been fully modeled from detector feed, through the hub condenser and primary condenser optics, contain the truncation and aberrations of realistic beams, except for aberrational effects due to mirror surface errors. Implementing these realistic beams in the simulator allows one to accurately assess the predicted response of an interferometer system in resolving point-like and near-point-like sources at various angular positions on the sky. More specifically, it is shown that if far-off-axis sources within the required 1' squared FoV are to be resolved, a single coherent detector will not be sufficient due to the limited FoV provided by a single detector beam. As such, a complete 3 × 3 array of detector beams is modeled for band 3 (100 to 200 μm), with the primary-mirror beam from each detector then fed in to the Python simulator for simulation of source detection for that particular detector. By stacking the resulting simulated images, almost the full 1′ squared sky map can be reconstructed. 
Fig . 1 Interferometer concept design, generated using GRASP PO software 16 In addition to the detector array simulations, an alternative detector format is investigated and modeled. In place of an array of single-mode coherent detectors, one large multimode detector horn is modeled, with its independent modal beams then propagated through the optics of the interferometer system. The corresponding primary-mirror modal beams are then fed in to the Python simulator, and it is shown that the full FoV can similarly be captured and resolved with this alternative approach. In a similar manner to how each coherent detector of an array must be modeled separately with the simulator, each of the transverse electric and transverse magnetic modes of a multimode detector must be modeled independently (including both polarizations of each mode). By subsequently stacking the images corresponding to each EM mode in postprocessing, the complete 1′ squared sky map can be reconstructed if a sufficient number of modes are allowed to propagate. The system is identical to the single-mode system, except for the focal plane, where one large horn is used in place of the nine single-mode horns.
The reason band 3 was the focus for simulation of the primary beams was due to diffraction and beam truncation effects being wavelength-dependent, getting worse at longer wavelengths. In addition, generating vector beams becomes computationally demanding at shorter wavelengths. It would therefore be very challenging to simulate EM beams for bands 1 and 2 with a tool such as GRASP. Of course, the effects of aberration will be worse at shorter wavelengths, and the corresponding limitations on bands 1 and 2 are not considered in this paper. Previous work using ray tracing and Gaussian beam models has been reported, 12 where the effects of mirror surface form errors on interferometric visibility were analyzed. The mirrors in the models presented in this paper are completely smooth. The aberrations are therefore purely a result of the geometry of the optics. Any additional aberrations arising from mirror surface roughness or mirror surface form errors would further affect visibility and would thus need to be minimized in the manufacturing process. Clearly, interferometry generally becomes more difficult at shorter wavelengths, simply due to the coherence length of light typically being proportional to wavelength. However, in the same manner that imaging properties are improved in a traditional (noninterferometer) system, additional optics can be employed in the design to reduce some of the frequencydependent aberration effects and to improve interferometric visibility. Now, with a traditional imaging system, to capitalize on the increased spatial resolution available at the higher frequencies of bands 1 and 2, one would need to increase the number of focal plane detectors to fulfill Nyquist sampling conditions. However, since the spatial resolution in an interferometer is due only to the baseline, Nyquist sampling on the focal plane is not relevant. However, to attain increased spectral resolution, a finer Fourier transform spectrometer (FTS) stepsize would be required. In terms of FoV for bands 1 and 2, a larger number of modes will simply propagate through to the detector in compensation for the narrowing beams at higher frequencies.
Python Far-Infrared Interferometer Instrument SIMULATOR
The simulator, PyFIInS, 13, 14 is an end-to-end double-Fourier simulator that reads-in a sample sky model that should contain a number of point sources or extended sources, with each source having a defined spectrum. The input sky model file is created in ".fits" format, so it can be compatible with other astronomical image processing applications. PyFIInS then applies algorithms to the input sky model to simulate sampling the sky at a chosen number of u-v points with the two primary-mirror beams, where one of the beams is modulated with a variable phase to simulate the delay line of an FTS. The result is a three-dimensional (3-D) data matrix (data-cube) containing the raw two-dimensional data for the recorded intensity over the range of baselines IðB; ϕÞ, with a one-dimensional interferogram IðzÞ for each baseline, where B is the separation or baseline between the two telescopes, ϕ is the angle of rotation of the two telescopes about the central hub, and z is the optical path difference (OPD) of the beam with the FTS delay line. The data reduction algorithms that are subsequently applied to the 3-D data-cube output are called double-Fourier analysis, 15 since a Fourier transform must be applied to the u-v spatial data to resolve the sky sources in angular extent, as well as to the delay line data sets for each u-v point to spectrally resolve each source. The resulting double-Fourier-transformed data-cube is further reduced into spectral slices that represent images of the reproduced sky map at sample frequencies, as well as spectra at a defined range of points on the sky. To model the response of the 3 × 3 coherent detector array with PyFIInS, an input sky map with regularly distributed sources was chosen. A 5 × 5 grid of sources was defined, spanning −20 to þ20 00 in both alt and az., at intervals of 10 00. This regular grid of sources would allow the response of each separate detector beam to be more easily assessed, in a realistic observing scenario. Each of the 25 sources was given a Gaussian-like spatial profile with FWHM of ∼2 00, and a blackbody spectrum of temperature 10 K, where the full source parameters are shown in Table 3 . The spatial and spectral profile of the model sky was combined into a 3-D data-cube, for input into the PyFIInS simulations. Tables 4 and 5 describe some of the important simulated system values used in the model, where reasonable estimates were assumed in each case. The telescope primary mirror field for each detector was generated separately using a physical optics modeling tool, GRASP, by Ticra. 16 The focal plane field of each of the nine detectors was represented by a single-moded rectangular horn aperture field. The horns were designed based on illuminating the primary mirror with an on-axis plane wave, allowing it to propagate through the optics and across the baseline, and then finding This design allows the beam that exits at the final stage to have traveled over an OPD twice as large as the frequencies that exit at the second stage, which themselves will have traveled an OPD twice that of the first pass-band. This is ideal, given that the required FTS OPD sample size for band 1 is twice that of band 2, which itself is twice that of band 3.
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Jan-Mar 2018 • Vol. 4 (1) the best-fit Gaussian (w ¼ 0.77 mm) to the resulting on-axis airy pattern on the focal plane. 10 The central wavelength of the band (150 μm) was used for the design. The rectangular horn mouth that best couples to a Gaussian of radius w ¼ 0.77 mm, and thus the plane wave, has a height of b ¼ 2w and a width of a ¼ ffiffi ffi 2 p b. 10, 17 The 3 × 3 array of horns were therefore given apertures of 2.18 × 1.54 mm and were fed by rectangular waveguides with dimensions 0.11 × 0.055 mm.
The propagation of each horn aperture field was then simulated through the hub condensing optics, across the interferometric baseline, through the main telescope optics and condensers, and then recorded on a grid 10 cm in front of the telescope primary mirror. For each of the nine detectors, a range of beams were in fact needed, as the beam profiles exhibited some dependence on baseline length and of course the usual frequency-dependent beam narrowing (i.e., frequencydependent gain). Beams for three baseline values were modeled for each detector (5, 50, and 100 m), and the PyFIInS simulator was programmed to interpolate appropriate beams for the remaining range of baselines of a given simulation based on the three input beams. PyFFInS was also programmed to apply appropriate scaling to the beams (in terms of their FWHMs) based on the specific frequency values within the frequency band being simulated.
Results and Discussion 1
Figure 5(a) shows the results of a simulation for horn 1, corresponding to a detector at an off-axis position in both x and y on the array. Figure 5(b) shows the results of a simulation for horn 5, corresponding to the on-axis detector. Figure 6 then shows the result of stacking the reproduced sky maps for all nine detector fields, with Fig. 7 showing horizontal and vertical central cuts through the full sky images. As expected, all sources within the FoV are now detectable at λ ¼ 200 μm, with the image showing a relatively decent SNR, although the signal from some sources near the limits of the FoV are not as strong as the on-axis source. This indicates some level of beam truncation for the off-axis pixels, which was in fact shown to be expected in the previous paper, 10 where the off-axis beams were shown to exhibit a small level of truncation for the longest baselines. This can of course be avoided if some of the optics are increased in size, such as the hub condensing optics or the telescope primary mirror, for example. These increases will, in turn, clearly increase the mass of the system, which is not desirable.
The significant increase in overall intensity for the stacked image compared with the single-horn images is to be expected. There are two reasons for the significant increase after the stacking process is carried out for all nine horns. Each horn is sensitive to a number of sources (albeit not uniformly), so stacking the responses of each horn contributes more intensity to each source location. For example, the on-axis sky source in Fig. 5(b) detected by the central horn (horn #5) at an intensity of 1.4e-18, will actually partially couple to the beams of horns above, below, left, and right (#2, #8, #4, #6, respectively) and less so to the horns on the corners of the array. In addition, Fig. 5 shows only the response of one component of the E-field (E x ), whereas both E x and E y (analyzed through the simulator separately) contribute intensity to the stacked image. The intensity contribution by E y is less than E x , as it is cross-polar power but not insignificant for sources off boresight of a given horn.
The images at λ ¼ 100 μm show a much poorer SNR in general, which is not surprising. Based on a blackbody temperature of 10 K, the intensity of the sources would be significantly weaker at 100 μm compared with 200 μm. The effects of aberration on interferometric visibility, which would be expected to be worse at higher frequencies, also likely contribute to the poorer images at 100 μm. This is supported by the significantly lower SNR for the off-axis sources, where beam aberration would be worse. A more advanced optical layout comprising a larger number of mirrors will likely be required for such a future system, in an effort to reduce aberration and increase interferometric visibility. In addition to the weaker emission of the 10 K sources and more severe aberration effects at λ ¼ 100 μm, it is well understood that on-axis gain increases at shorter wavelengths at the expense of a narrower beam. As such, unless the off-axis coherent beams are exactly centered on an off-axis source, the TE 11 mode beam at a higher frequency will generally be less sensitive to a given source. However, there is another, more subtle effect that essentially compensates for this beam-narrowing. As frequency is increased, higher-order modes will eventually begin to propagate and contribute to the beam, essentially rewidening the beam at the higher frequencies. Although only a single-mode was considered in this analysis, these subtle effects are analyzed and discussed in Sec. 3.2. As mentioned in Sec. 1, an alternative approach to filling the FoV, in place of an array of coherent detectors, is to use a single, partially coherent, multimode detector and feed horn. The aperture of this horn will of course be much larger than any of the horn apertures of the array, and the waveguide feed between the detector and horn must also be larger to allow the propagation of the higher-order modes. In the example modeled in this paper, the waveguide aperture was given dimensions of 0.34 × 0.17 mm, and it fed a rectangular horn of dimensions 6.54 × 4.62 mm. The horn aperture field (Ẽ ap ) resulting from the fundamental TE 10 waveguide mode was then calculated and propagated through the hub telescopes, across the interferometric baseline, and through the main telescopes. The resulting electric field components (E x and E y ) were recorded on a Cartesian grid positioned 0.1 m from the sky-side of the main telescope primary mirrors, in the same manner as the approach used for the detector array primary beams. The primary beams corresponding to E x and E y were then used in separate simulations with PyFIInS, where the same 5 × 5 grid of sky sources was modeled. The same steps were repeated for the remaining higher-order TE and TM modes that could propagate through the waveguide and horn, the number of which was determined by the frequency being considered and the dimensions of the waveguide. Whereas each of the single-mode detectors of the array was sensitive to a specific source at a particular angular position on the sky, the higher order modes can often be sensitive to a number of sources, sometimes at opposite corners of the FoV. It is this property of an on-axis multimode detector that allows full detection of a larger FoV, provided enough modes are allowed to propagate. Figure 9 then shows the result of stacking the images corresponding to a large number of modes. As with the array of single-mode horns, there is significant degradation in signal at the higher frequency, again primarily due to the 10 K blackbody intensity profile being weaker at 100 μm. However, there is another consideration that must be applied here. Given the full octave wavelength range within band 3, more modes can propagate at the shorter wavelength end of the band (100 μm) than at the longer end (200 μm). An example of the reception pattern on the sky for one of these high-frequency modes (TE 13 ) with cut-off wavelength lying within the wavelength span of band 3 is shown in Fig. 10(a) . The corresponding TE 13 simulated instrument response to the grid of sky sources is then shown in Fig. 10(b) .
The result of including the higher order modes with cut-on wavelengths within the band 3 range is shown in Fig. 11 , with the single-mode array result shown again beside it for comparison. Once these extra modes are included, the SNRs at both ends of the band are very similar to the levels achieved with the detector array simulations, showing that the multimode detector approach is indeed roughly equivalent to using an array of coherent detectors. One reason that the multimode results at λ ¼ 100 μm look slightly better than those of the single-mode detector array is likely due to a similar modal oversight as described above. The single-mode detectors will also exhibit some level of higher-order mode propagation at the shorter wavelengths of the band, but it will be much less significant than for the multimode detectors. This is illustrated in Fig. 12 , where the switch-on frequencies for the range of modes used are listed. When a waveguide is designed close to a given cut-off frequency, there will be roughly a doubling in frequency before any higher-order modes begin to propagate. As such, the TM 01 and TE 20 , which are just beginning to propagate at the highest frequencies of band 3 will likely add a very small amount of power to the sky response. Given the insignificant power likely contributed by this effect, no analysis was applied to it. In contrast to this, when a multimode horn/waveguide is designed to operate in a truly multimode nature, the number of propagating modes can increase by a factor of four for a given doubling of operational frequency. 
